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DEFINITION 
Map generalization defines the process of producing maps at coarser levels-of-detail (LOD), 
while retaining essential characteristics of the underlying geographic information. On-the-fly 
generalization, then, denotes the use of automated generalization techniques in real-time. 
According to [1] this process creates a temporary, generalized dataset exclusively for 
visualization, not for storage or other purposes. On-the-fly generalization is intimately linked 
to highly interactive applications of cartography such as web mapping, mobile mapping (e.g. 
in location-based services), and real-time decision support systems (e.g. in disaster and 
evacuation management) that involve multiple spatial scales. As it takes place in a highly 
interactive setting, the cartographic quality requirements are typically relaxed compared to 
traditional, high-quality paper maps. On the other hand, (near) real-time behavior is 
imperative. 
 
Solutions that satisfy the above requirements can generally be assigned to two groups. The 
first group of approaches relies on fast map generalization algorithms that generate coarser 
levels-of-detail in real-time. The second group utilizes hierarchical spatial data structures. In 
both cases, the generalization operations that are implemented are generally rather simple 
from a functional point of view, compared to the cartographically more sophisticated, yet 
computationally more costly algorithms that are typically used in the production of high-
quality paper maps. Closely related to on-the-fly map generalization is progressive vector 
data transmission (i.e. the transmission, over a network, of vector datasets at progressively 
finer detail). 
 
 
HISTORICAL BACKGROUND 
For centuries, cartography was exclusively devoted to the production of static paper maps. 
Even with the introduction of the computer to cartography in the 1960s and the growing use 
of interactive computer systems in the 1980s the situation did not change much. Paper was 
still the main output medium, and screen maps were commonly only used for editing and 
proofing in paper map production, rather than as end products. Consequently, research in 
automated map generalization – despite the fact that it dates back to the early days of 
computer cartography and GIS – focused primarily on achieving high cartographic quality in 
the generalization process, while largely neglecting computational efficiency. While this 
preference for graphic quality over efficiency may sound odd to the computer scientist, it did 
make sense from a cartographic perspective, bearing in mind that firstly, map generalization 
is an ill-defined process and non-trivial to automate [2] and secondly, since the end products 
were static improved cartographic quality at the expense of added computing time could very 
well be tolerated. 
 
The advent of interactive personal computers in the 1980s and, more importantly, of the 
World Wide Web in the early 1990s brought new requirements for cartography and map 
generalization. Since the usage and interaction with web mapping services are highly time-
critical, scale-changing has to take place in real-time, essentially demanding on-the-fly 
generalization. However, despite early solutions for on-the-fly line simplification and object 
selection using reactive data structures [3][4], researchers in automated map generalization 
continued to place little emphasis on on-the-fly generalization throughout the 1990s. 
Operational web map services such as mapquest.com, mapblast.com, or map24.com rely on 
pragmatic solutions, involving offline production of multi-representation databases 
containing multiple levels-of-detail (LOD), restricting the on-the-fly part to the real-time 
retrieval and display of the LOD that matches the given zoom level as well as real-time 
placement of map labels and symbols (e.g. icons for points-of-interest). 
 
In recent years, however, repeated calls were made for a re-definition of cartography and map 
generalization [5][6]. New forms of mapping applications such as mobile mapping in 
location-based services (LBS) or real-time decision support systems go beyond web mapping 
as we have known it best in the form of the services mentioned above. In addition to the 
requirement of real-time map delivery, these new mapping applications demand adaptation 
and personalization of the thematic map content to the given user query and context. Thus, 
pre-computing and storing potential visualizations as in ‘classical’ web mapping is no longer 
a feasible solution; true on-the-fly generalization capabilities are needed. Researchers have 
started to respond to these new challenges in recent years. 
 
 
SCIENTIFIC FUNDAMENTALS 
 
On-the-fly Generalization vs. Multi-representation Databases (MRDB) 
As mentioned in the preceding section, true on-the-fly generalization is not to be equated 
with the mere retrieval and display of pre-generalized LODs from a multi-representation 
database (MRDB). Hence, we will not dwell on MRDB further. However, it has to be 
emphasized that MRDBs remain an active and important research area [7][8]. For instance, 
many public and private mapping organizations have large holdings of digitized maps at 
different scales and thus are interested in linking these together so that updates can be 
propagated automatically from detailed to less detailed representations, allowing incremental 
updates [9]. 
 
Characteristics 
The main characteristics of on-the-fly generalization are (see also [10]): 
- A temporary, reduced scale (generalized) dataset/map is generated for visualization 
purposes from a spatial database; 
- the map has to meet the user preferences (e.g. personalized content) and the technical 
display specifications (i.e. typically low screen resolution and small screen size); 
- the scale of the resulting map may vary (particularly due to zooming operations) and 
is not predefined; 
- the generalization process must be accomplished automatically and no user 
interaction is possible, e.g. to check the result before publishing; 
- the resulting map must appear on the display within a few seconds, as the user does 
not want to wait; 
- on the web and on mobile devices, there is an additional problem of limited network 
bandwidth. 
Techniques for on-the-fly generalization follow two main tracks, either making use of 
efficient algorithms that allow to generate coarser levels-of-detail in real-time, or exploiting 
hierarchical spatial data structures. 
 
On-the-fly Generalization by Algorithms 
Since on-the-fly generalization is a time-critical task, generalization algorithms that are suited 
for this purpose must either be fast and/or they must be supported by pre-computed data 
structures or attributes. In principle, all known generalization algorithms that run in linear or 
logarithmic time make candidates for on-the-fly generalization. One example of such fast 
algorithms are simple selection algorithms that merely rely on pre-computed attributes, such 
as the Horton stream ordering scheme used for river network selection [11]. Attribute-based 
selection is also straight-forward to implement, as exemplified by the system described in 
[10] that uses the Extensible Stylesheet Language Transformation (XSLT) mechanism to 
generate real-time, generalized maps. An extended version of this GiMoDig system [12] 
offers a range of well-known algorithms: feature selection by object class; area selection by 
min/max value; line selection by min/max length; contour line selection by interval; line 
simplification by the Douglas-Peucker algorithm; line simplification by the Lang algorithm; 
line smoothing by Gaussian filtering; and building outline simplification. Another system for 
on-the-fly generalization that makes use of a combination of simple (and efficient) algorithms 
is described in [13]. 
 
The algorithms discussed so far have in common that they were originally not specifically 
developed for on-the-fly generalization of potentially large datasets. They are merely useful 
for this purpose because they are so simple that they require relatively little computational 
effort. An algorithm that specifically targets dynamic generalization is presented in [14]. This 
algorithm performs line simplification of large map datasets through a novel use of graphics 
hardware (frame buffer, color buffer, stencil buffer, depth buffer) using a hybrid 
vector/raster-based approach. For interactive visualization, pre-simplified maps of different 
LOD are organized in a hierarchical data structure, the Data Tree. The solution presented in 
[14] thus represents a hybrid between algorithmic approaches to on-the-fly generalization and 
those methods that fully rely on hierarchical data structures (to be discussed next section). 
 
The above examples implement only algorithms which are restricted to rather simple 
generalization operations without consideration of their spatial context, such as selection, line 
simplification, line smoothing and polygon aggregation (e.g. by the convex hull). More 
complex, contextual generalization operations such as feature displacement or typification – 
necessary to achieve high cartographic quality – commonly require iterative optimization 
techniques that are generally not suited for real-time applications (for an overview, see [15]). 
A possible solution to speed up displacement computation consists in using interpolation, or 
‘morphing’, between the geometries of two LOD [16]. This approach, however, requires at 
least two LOD whose vertices of corresponding map objects have been correctly matched and 
linked in an MRDB. A more realistic approach to achieving more complex generalization 
behavior that is nevertheless efficient is by using auxiliary data structures, as discussed in the 
next section. 
 
On-the-fly Generalization by Hierarchical Data Structures 
Map generalization results in hierarchies of progressively coarser maps. Thus, it is only 
natural that hierarchical spatial data structures are exploited in map generalization, and even 
more prominently in speeding up on-the-fly map generalization. In this section, we will 
discuss selected examples of solutions that rely exclusively on the hierarchical representation 
of spatial data in tree data structures. These examples have in common that they try to 
establish variable scale data structures, thus avoiding the redundant data storage typical of 
multiple representations using a stack of LOD. 
 
The earliest proposal of a tree data structure for on-the-fly generalization was already 
mentioned in the historical overview: the Binary Line Generalization (BLG) Tree [3]. It uses 
the classic of line simplification, the Douglas-Peucker algorithm, to pre-compute the order of 
elimination of the vertices of a line. The vertex numbers and associated tolerance values are 
then stored in a binary tree. At run time, the tree can be descended down to the level that 
matches the resolution of the target map and the corresponding vertices retrieved for 
rendering. As the BLG tree is restricted to organizing single line objects, it cannot be used for 
the spatial organization (e.g. indexing) of multiple map objects. This restriction is overcome 
by the Reactive Tree [4], an extension to the R-tree that stores importance levels for map 
objects (with important objects stored higher in the tree). The Reactive Tree is dynamic, 
allowing inserts and deletes. 
 
The BLG and Reactive Tree data structures are not suited for the generalization of polygonal 
maps [17], as they do not represent the special nature of an area partitioning of adjacent 
polygons. This deficiency led to the development of the Generalized Area Partitioning (GAP) 
Tree which defines successive hierarchies of aggregations of adjacent polygons in a 
polygonal map. A system which uses the BLG Tree (for line simplification), the Reactive 
Tree (for map object selection), and the GAP Tree (for area aggregation) together is reported 
in [1], containing also a description of the GAP Tree data structure. Recently, a new, 
topological version of the GAP Tree was introduced [17] which combines the use of the BLG 
Tree and the Reactive Tree and avoids redundant storage and sliver polygons along the 
boundary of neighboring polygons, problems associated with the original GAP Tree. 
 
The use of hierarchical data structures for on-the-fly generalization of point distributions 
commonly found in thematic maps (e.g. animal observation data, distributions of disease 
occurrences) and LBS (e.g. points-of-interest) is reported in [18][19]. Two methods are 
proposed. The first one uses a quadtree to index the original points to successively coarser, 
aggregated levels. At run time the original points are then replaced by the centroids of the 
quadtree cells corresponding to the appropriate resolution (i.e. scale of the target map). The 
disadvantage of this first solution is that the output point pattern will be aligned to the 
(regular) quadtree pattern, creating an unnatural arrangement. Hence, a second proposed 
solution uses a hierarchical tessellation of the map space that corresponds to the semantics of 
the data points. In the example shown in [18][19], animal observation data are mapped to the 
network hierarchy of drainage basins, as these are bounded by watersheds that often also 
form physical barriers to animal movement. 
 
Related Issues 
In recent years, research interest has started to develop into methods for the progressive 
transmission of vector map data. This interest is motivated by the very same reason that 
prompted the earlier development of progressive techniques for the transmission of raster 
images over the WWW, implemented today in standard image formats: the need to access 
large datasets in distributed, bandwidth-limited computing environments. Progressive vector 
data transmission shares with on-the-fly generalization the aim to represent map data at 
successively coarser or finer levels-of-detail, respectively. While the aim of progressive 
vector data transmission is to ultimately transmit the entire dataset, the user will initially only 
receive a coarse representation of the map data, followed by progressive refinements, until 
the full map has been transmitted. Any of the intermediate refinement steps represents a 
generalization of the full map. Hence, there is also a strong similarity (or even congruence) of 
methods between progressive vector data transmission and on-the-fly generalization. In 
comparison to progressive methods for image data, equivalent methods for vector data are 
inherently more complex to achieve and hence still very much in the research stage. Starting 
from initial conceptual work [20], solutions have been proposed for the ‘continuous 
generalization’ of buildings for LBS [21], for an MRDB architecture in the context of LBS 
applications [22], and for line and polygon data [23]. 
 
Label and icon placement on screen maps is a further issue that is closely related to on-line-
generalization, for two reasons. First, the selection of map labels and/or map icons is driven 
by the same principles – scale, semantics, available map space – as the selection of other map 
objects. Second, the placement of map labels and map icons shares many similarities with 
displacement operations in map generalization. While many algorithms exist for offline 
placement of map labels and icons, real-time labeling (e.g. for mobile maps in LBS) has only 
rarely been addressed in the literature so far [24]. 
 
Finally, web generalization services should be mentioned. On-the-fly generalization is 
typically linked to web and/or mobile mapping applications, hence to applications that take 
place in distributed computing environments and client/server architectures. Therefore, the 
recently initiated move toward the exploitation of service-based architectures in map 
generalization [25][26] nicely corresponds to the evolution of on-the-fly generalization. 
 
 
KEY APPLICATIONS 
As has become obvious from the preceding discussion, on-the-fly map generalization is still 
very much a research area. The development of appropriate techniques targets a variety of 
applications which have in common that they are highly interactive and have requirements 
for (near) real-time visualization with adaptable scale and content. Following are a few 
examples of such applications. 
 
Web Mapping 
As mentioned in the historical overview the evolution of web mapping has provided the 
initial setting that prompted the need for on-the-fly generalization capabilities. For many 
years, web mapping largely defined the requirements for on-the-fly generalization. Today, 
however, it has been superseded as a trendsetter by less mainstream applications. 
 
Adaptive Zooming 
Adaptive zooming is a capability that is still sorely lacking in many interactive mapping 
systems. It denotes “the adjustment of a map, its contents and the symbolization to target 
scale in consequence of a zooming operation” [27]. As follows from this definition, adaptive 
zooming also requires some sort of on-the-fly generalization. A pragmatic solution that uses 
on-the-fly algorithms for the simple generalization operations in combination with LOD as 
substitutes for complex generalization operations is presented in [27]. 
 
Mobile Cartography and LBS 
LBS have given a new direction to cartography and GIS. They place the user in the center of 
the map; the map display needs to adapt to the user’s changing location; and the map display 
needs to be adapted (or personalized) to the user’s specific information requirements. 
Furthermore, mobile devices are bound to impose more stringent technical limitations than 
commonly encountered in cartography (e.g. low resolution and small size of the display 
screen, low bandwidth, unreliable network connectivity). An overview discussion of the 
requirements and research perspectives of LBS, including needs for on-the-fly generalization, 
can be found in [28]. 
 
Real-time Decision Support Systems 
GIS are used a great deal as tools for decision support. While most uses of spatial decision 
support systems (SDSS) do not have real-time requirements, new applications have recently 
started to appear that do involve decision making in response to real-time data feeds. 
Examples include emergency service dispatching, evacuation route planning, and disaster 
management [29]. 
 
 
FUTURE DIRECTIONS 
As [17] notes, data structures supporting variable scale datasets – and hence also solutions for 
on-the-fly map generalization – are still very rare. On the other hand, there are a growing 
number of applications that requires functionality for real-time adaptation of spatial datasets 
and maps to the scale and purpose of the target display. Hence, it can be expected that 
increasingly more sophisticated solutions will complement or supersede the rather pragmatic, 
usually LOD-based techniques commonly used today. In addition to the development of new 
techniques, there is also room for improvement by combining existing methods. First, 
individual real-time algorithms may be combined to create more comprehensive solutions, as 
exemplified by [17]. In the future, this approach may also benefit from the current trend 
towards web-based architectures [25]. A second track may exploit the potential of combining 
MRDB-, LOD-based techniques and on-the-fly generalization, illustrated by the (still rather 
pragmatic) solution presented in [27]. 
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